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ABSTRACT
‘Qg\ \ A meaningful structure analysis of érystal surfaces has to
N meke use of the dynamical theory of LEED. For surfaces with com~
QO

#.
F

piex LEED patterns this leads to extremely extensive and costly
numgr;cal calculations. "Therefore the number of pgssible ;urfgge
‘models to be examined numerically has to be minimized as much as
possible. The procedures used in this selecfion process are dis-

!

cussed from the point of view of general scattering theory. It is

{(THRU)
/

(CATEGORY)

concluded that a three-dimensional approach is more app:opfiéte

than the two-dimensional approaches used in the past. The inter-.

pretation methods are illustrated in the case of the annealed s1(111)

surface with 7x7 and Y19 x /19 ﬁ(23.5°) pattern. Auger electron
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face models cOmpatible with the LEED patterns. o

I. INTRODUCTION

\ 709 WHOd AMTDVE During the past ten ye;rs numerous complex LEED patterns have been

| N ’r;ported, both for "clean"‘surfaces and surfaces covered wifh "adsorption"

. layers. Most of these patterns—-when intgrpreted at all--were attriﬁuted
to eSSEntialiy two—dimensional real superstructures. The interpretation
was based on the assumption that the diffraction process is essentially two-

dimensional due to the low penetration depth of slow electrons and that the



spot intensity may be analyzed in terms of the elementary theory of LEED,
ﬁowever it was pointed out some time ago [1] and is now widely accepted

that the'diffcaction of slow'electrons——as far as the intensities are con-
cerned—~must be considered as a Ehgggfdimensional process in which the wave
field effective in the diffraction process varles strongly normal to the'
surface (dynamical theory of LEED). It is the purpose of this paper (1) to
examine the interpretation of complex LEED patterns from the three-dimensional
point of view, and (2) to demonstrate that--in spite of.the difficulties in

. the interpretation of these patcerns——su;face structures can be'determined )

with a reasonable degree of confideﬁce, if LEED is combined with other tech-

niques, especially Auger electron spectroscopy [2].
II. GENERAL CONSIDERATIONS

The two-dimensional picture of the diffraction process is based on

the assumption,that the incident wave is attenuated mainly by true absorption,

-

i.e. inelastic scattering. This absorption is.assucec to be very strong, so
. that essentially only those atoms which are directly exposed_;p the.incideet'
~wave contribute to the (elastic) diffraction pattern [3] Conﬁersely, the‘
three-dimensional picture of the diffractlon process is based on the assump-
;tion that the incident wave--~like all diffracted waves-—;s attenuated mainly
by elastic and quesi—elastic scattering.' Although the incident wave may be
considerably attenuated by scattering in the first atomic layer, the ampli-
tude of the (elastic) wave field incident on the second and following layers
scill_ie large because absorption is assumed to be small. Consequenciy many
_layers can contribute to the diffraction'pfocess. That this picture‘is at

least as reasonable as the previous‘one follows from calculations [4] of



thé absorption and (zero order) scattering coefficients x and K;’ respec-
tively, as il;ustrated in Figﬂ 1. x was obtainedkby treating the crystal
as a freé electron gas with Fermi momentum kE = 1.1 and wigh Fhe conduction
band bottom 20 eV below the vacuum level in the example ;hgwn. k is deter-

mined by the imaginary part EI(k) of the interaction energy of the incident

electron with the electron gas (see e.g. ref. 5):

2 _2 .1 3
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n; =pQ (p = number of atoms per unit volume, Q = total elastic atomic scat-
fering cross-section) was calculated by solving the.Schroedinger equation
for an;isolated atom using "trimmed" Thomas-Fermi-Dirac pofentials. The
__ftrimming? was done so as to simulate the cut-off of the potential of one
atom by that of its neighbor in the solid. Figure 1 clearly shgws that

attenuation'py scattering is about three Fimes‘as lafge as by ébsorption.iﬁx
the energy range of interest, justifying the ihree-éimensional picghre. If
hés to be kept in yind, hcweje;, #hgt in the'calcglagipns on which Fig. 1
is-based rather crude simplifications were made: (1).thg free;eleétyén gas
?Pproximgtion is frequentl& poor and the'inflﬁence.of the-gurféce on
5EI(k) [6] has been ngglegtéd,‘and (2) the expression k; =.§Q assumeé tﬁét
no phase relations exist between the wéves scattered by the different atoms;
in a crystal such phase relations exist and lead to a depehdence of k' on
energy and direction of the wave: K; + k' = ¢'(k) (primary extinction).

In the dynamical theory of the diffraction of a plane wave by a plane

crystal surface the intensity of a diffracted beam is given by

(2)



Here E”Eo’ BF,EE are the wave vectors of the incident and diffracted waves
A~ ~ o~ . .

and their tangential components fespécciyely. The lattice amplitude G

determines the geometry of the diffraction pattern and is given by

. . ~1(k-k ) * (m,e, + m,c 5 .
t t ~ =0 1;1 2;_2
G(%_ - ;vlgo) ] e (3)
My
where ¢, » S, represent the lateral periodicity of the true or apparent
-t ~ .

superstructure of the surface [7]. The dynamical structure amplitude F

determines the intensity distribution in the diffraction pattern and is

given by
1 ~iker
F(g,go) == j e 53 U(g) ‘b(g,léo,{_) dé (4)
Q
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The integration extends over the whole dynamical unit cell Qo = (915253

~ ST

where 53 (lgl,gz) is determined by the ggnetration depth of the (elastic)
electron wave field. U.is the effective scattering potentiai——which:
generally is complex (absorption!) and egergy'depeﬁdent (e#change;'polariza-
tion,rabsorptiqn)——and Y the wave ampl;thde, If-Qo is Q%vngﬁ into étomiq_
cells QA (Wigner-Seitz célls)Acentered at the equilibrium positions g of

tﬁe atéms, ;hen F can be written as |

-fker : .
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Expression (4a) is similar to the usual expression for the'structure ampli-~

tude,
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which is obtained whenAw(g) is written in the form of a Bloch wave:

ik -1’
w(B’BoE) = X(E’EOE) e ¥° ~, where X(r) has the lateral periodicity of the
. ~ A - ~

o A

surface. The dynamical scattering amplitude of the atomic,céll V,

-1(k-k )’ ‘ ~
I e ~7 Y ulr ") xk,k ,r +r') dr’ (6)
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differs considerably from the scattering amplitude of a free atom--both in
the Born and partial wave approximation--because § (or X) depends upon E’Eo’
the environment and position of the atom in the crystal, To obtain mean-

1
ingful values for fv’ the integral equation '
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crystal
~for-wlo£ the corresponding. Schroedinger equation has to be.solvéd. At pre-
sent this canno; be done for complex surfaces. ToAdétermine the nature of
cpﬁplex sﬁffaées now we must thgrefore simplify‘thg theory of LEED intensif
ties drasticaliy and/or obtain additional information fr&m other éﬁserva—
tions such as Auger electron spectroscopy- [2].

The simplifications of.the fheory, which havg been.mgde in the past
-were based on the two-dimensional picture of the diffraction ﬁroceSS}-.Thé
trial-and—e;ror method was used in the intensity analygis of pé;terns from
"elean" elemental semiconductors [8-10], and the Patterson function method
~in the intensity analysis of patterns of CO and 0 adsorption layers on Pt
and Rh [11]. In the first method it is assumed that all atoms v which con-
tribute to the diffraction process have the same fv' This requires that
all atoms have the same X in Eqn. (6). The second method requires the

additional assumption that X is constant in all atoms contributing to the



diffraction process; otherwise the Fourier tfansform relationship between
structure amplitude and electron density, which is the basis of the Patterson
function'metﬁod, does mt exiég. It is obvious that both methods represent
'rathe;'drastic simplifications of the diffraétion proceés'én& that the sur-
face structures derived with‘them have to be faken with considerable cautiog
as illust%aﬁed by the various structures of elemental semiconductor surfaces
deduced with the trial-and-error method [8—10].

In this paper, which is based on the three-dimensional picture.of the
diffraction process, we make a simplfication which is suggested by experi- -
ments on surfaces producing LEED patterns expected from the bulk periodicity
("ideal surfaces'"). The intensity versus voltage curves of many of these
surfaces show main maxima with average spacings corresponaing to the period-
' icity ngrmai to the surfaqe. Ihis indicgtes that the contribptién_of ;he‘b
imaginarj part of fv—-resulting from U and X in Eq.‘(6)——t§ the‘pﬁase term
in Eq. (5) does not change it so drastical}y(as'to aestroy the tﬁird Laue
condition completely. Consequently, F and IFIZ v iyshow some peribdicity
normal to the surface. The gross features‘of thg.intgnsity ve;éus_volt;geA
curves—-mainly the existence and average épacing of ;he‘main ﬁaxiﬁéi~will
. therefore be used to obtain information on the.pe;iodip;tf of ‘a su:faqé'
fstructure normal to the surface, also in the case of'complex,diffraction
patterns. Another ?iece of iﬁformation can be obtained from relative infen—
sities. In pseudo-superstructure patterns, i.e. patterns produced by.sur-
faces covered with a surface layer of differgnt 1atera; periodicity and/of
azimuthal orientation [7], the beams produced by single scattering are
frequently stronger than the beams dug to multiple scattering. This is

expected to happen when the third Laue condition for the surface layer is



approximately fulfilled. _Therefore fractional order beams which are ver&
strong at voltages V epace& at intervals AV different from those of the
integrai order beams are usﬁaliy*singly scat;ered béems from.the surface
"layer end can give information on the lateral periodici;y of tﬁe surface
layer, fhus LEED can provide at present information on the lateral and
normal geometrical unit cell dimensions of the surface structure, but not
on the number, nature, and distribution ofAthe atoms in the unit cell.

'-In the past, the nature of the atoms present in a given surfacé struc?'
" ture had to be deduced from the experimental.conditions which led to this
Etructure. Auger electron spectroscopy, origlnally proposed by Lander [12]
and perfected by Harris [13], when combined with LEED [2] permits deter-
minetion of the nature of the atoms present on the surface. When the Auger
electron signal is calibrated the number of atoms can be determined too tZ];“
However, it has to be keptiin mind that “the amplituﬂe,and width of many
Auger traneitions depend etrongly upon the.environment of tﬁe'atem. There- :
fore the number of atoms of a given kind per unit eell of a susgec;ed struc-
‘ture‘can in general be determined oniy'éfter calibration of'the Auger signal
on a crystal which isykggyg:to have this structure. _We.will now illuetrete'
)-these’general considerations using two of the bestAknown examéles'of-complex

. patterns.

III. THE "CLEAN" S1(111) SURFACE

"Farnsworth et al, [14] discovered ten years ago two complex diffraction'
patterns on the $1(111) surface, the Si(111)-7x7 (in short, 7) and the
$1(111) - Y19 x /19 R(23.5) (in short, Y19) patterns shown in Fig. 2. These

two patterns have since been reproduced in many laboratories under a wide



variety of conditions and therefore have been generally attribﬁted to clean
surfaces. On the other haﬁd?.it has been suggested that the patterns may
be dug tﬁ double scatteringrbetween the Si substrate and a surface reaction
“layer Qith diffefent periodicity and/or orientation [15]. Recently it was
proposed [16] that the /I§.pattern is due to a reconstructed surface layer

{8-10] stabilized by an extremely small amount of Ni on the otherwise clean

81 surface.

" dN(E)
dE

from a "clean" Si(lil) surface, when measured at low resolution and sensiti-

The electron energy spectrum—--or more precisely its derivative

vity (Fig. 3a) does not show any particular featurés characteristic of
impurities; however at high resolution and sensitivity two peaks can be
found in the 40 to 60 eV range; one at 45 eV, one at 57 eV (Fig. 3b). In
our apparatus these are the positions of the main peaks of Fe and Ni‘respec—
tively (as determined by depositing Fe'énd Ni onto the surface), If the
erystal is tréated so as to é?oduée a 7 pattern, the Fe peak grow§‘with
increasing intensity of the 7 ﬁattern and the Ni peak becomes weaker but
never disappears completely.. When'the crystal is treated to;devéléb the
/19 pattern, the Fe peak disappears almost completely and the Ni peak gErows.
-considerably. This is illustrated in Fig. 4 which shows the height of the
ﬁi Auger signal and of the intensity of one of the fractionai order spots'
(0’ in fig. 6) as a function of quenching (annealing) temperature. The
;urves do not represent equilibrium conditions because the héatihg period
was énly 30 sec which is insufficient to establish equilibrium over the
rising part of the curve. The relation between Auger signal and spot inten- .

sity, however, is clear. If the cerystal is heated to 1000°C, where it



produces a 1x1 pattern, both Fe and Ni peaks have néarly disappeared.
Thus, the 7 pattern is def;ﬁitely connected with the presence of Fe, the
/19 pattern with the p?esgnqe~of Ni in the surface layer. In what way are
now Fe and Ni connected with thesé two structures? We have to consider
the féllowing possibilities:

(1) The Fe and Ni atams simply sit on top of the unreconstructed Si
surface forming a two-dimensional true or apparent superstructure.

(2) They represent a trace iﬁpurity stabilizing a true or apparent
superstrgéture made up of Si atoms [16](

3) They.are an essential_cqpponent of a ;qrfacg:léyer whicﬁ éonsists
of both Si and Fe or Ni respectively and form a_trde or apparent super-—
structure. o

We will examine now these possibilities by analyzing the geometry and
the gross features of the infenéities'of'the diffraction patterns.

The 7 pattern is cha?acterized by the high intensity of those frac—
“tional order spots which héﬁe'the indiceé-{40},'{44§Awith respect to the
various integral order spots chéractéristic of ;hevunreconstructed surface.
This suggests that the péttern.is riof due to é’réal'éupéfstfﬁctﬁré but is
due to an apparent'oné produced by multip}e scattering.betwéen'the Si sub=

~strate'and a surface layer wifh‘%-theAlatéral periodiciéy of the 8i(111)
éurface. The I(V) curves of the {40} spots—-~which are thev{lOE spots of
the surface layer--show at pqrmal incidence_intensity maxima at ;he follow-
ing beanm energies: 39.5, 56, 79, 97, i26,_151, 191, 222 eV. Assuming zero
inner potential these energies correspond to ;*values of..513, .611, .726,

A
. o_
.805, .917, 1.003, 1.128, and 1.217 A’l. If these maxima of the I(%) curve



are considered to be the main maxima of a structure periodic normal to the

surface with a,, then a, can be obtained from
] :
f E 1
. i . '
§£-= ag = Al' +7 ;‘ - a?? - %;-—.FL-— a?z where a? is the lateral
23 . mil I Ant+l n /lﬁ : L
' 4 4 V24 o 1 1
i i . X = — g% = — . = i —
reciprocaliperlodic;ty. af=ga¥ g =3 3381 . 172 A™*, With the x

values given above we obtain a mean value of af .204 2-1 with a root

K j

mean square deviation of .012 K;l and from these values a, = 4.9 + .3 A
whicﬂ is definitely incompatible with the periodicity of Si normal to the
surface. The diffg;ction pattern always shows perfect sixfold symmetry,
even in the rounded regions of the crystal surféée; This is usually a
'quite reliable indication that the sigfold symmetry is not due to three
(tw;) equivalent structures with twofbid (threefold) symmétry. Thé diffrac-
tion pattern has therefore to be due_td a ﬁexagonal structure with thé basal
plane paxa;lgl to the Si(111) surface ox-due to a cubic structure parallel
to fhé Si-substrate. ‘In such a cubic.étrupturenthe.three~dimensional recip~-
~rocal lattice vectors correspondiﬁg to gf and §§ are <11Q> an& [iil], <11Q>

and. [222] or'% (22;} and [111] respectively for the various possible lattices.

. a¥% ) .
I 3 .
This corresponds to ;;—ratios of 1.225, 2.45, and .95 respectively. Clearly:
1 : ; .

ionly the firét ratio which gives an a-value of a = 8.3'3 is compatiblé'with

a*

~ - 204 +
the ratio —§-= =204 2 .012
. a 01- R

173 = 1.185 + .070 deduced from experiment. For a

hexagonal surface we obtain a = /é-* = 6.72 A. Ve now have two possible unit
a
1

cell dimensions for our surface structure which according to the Auger spéc—
L]
trum must contain both Fe and Si: a primitive cubic cell with a = 8.3 A and

a hexagonal cell with a = 6.72’2 and ¢ = 4.9+ .3 2. The choice between

10



them is based on the assumption that the sufface layer is thick enough

that it may be considered as a bulk phase. The system Fe-Si coptaihs né.
cubic phase ﬁith a ='8,3 3, bﬁt does havé a hexagonal phase, the E35513(“)
.phase;‘with unit cell dimensions which agree.very well ﬁith'bur values:
.a= 6;727, ¢ = 4,705 or 6.742, ¢ = 4,708 A [17]. We conclude therefore

. thaf a Si(lll) surface which produces a 7 pattern is not clean but covered
with a surface layer with the unit cell dimensions of Fe5513 (in short
"Fessi3~structure"). The way the 7 pattern is formed by .this surface layer
“1s indica;e& in Fig. 5. The thickness of this layer and tge amount of Fe
in it cannot be determined at present. However, the high spot-to-background
intenéity rati; of a well developed 7 pattern suggests that Fe vacancies or
other impurities when present are periodically aist;ibute&. It is ﬁoped
Vthat future.AugerAwork‘will allow the determination of 1aye¥ thickness and
.Fe content,
The /ié.structure is more difficult to gnalyze; None of the "fractional - .

‘order beams is diétinguished by-a-high inﬁensify at well definéd,‘;pprsxi~

mately equally spaced %-values. Thus no periodicity normal to the surface.

can be derived from the diffraction pattern. The intensity of seveFal in-
tense fractional order beams is related to the inéensigy of the integr?l
brder'beaﬁs; This is a strong indication that the diffr;ction pattern is
due to double séattering between the unreconstructed Si'suﬁstrate.and a

" surface layer with different periodicity and azimuthal orientatioﬁ; The
diffraction pattern (Fig. 2, 6a) consists of two hexagonal patterns (Fig. 6b)
which are rotated % 23.,5° agéinst the basic Si pattern. Any pair'of vectors
%3’%3 except those of the Si 1x1 patte%n ca; gene;ate this network by combi- -

nation with the vectors of the basic Si pattern. The observation that the

11



relative spot intensities in the rounded regions of the surface are the
same as those in the flat fegions suggests true hexagonal svmmétry of the
two-dimensional reciprocal net of the surface layer, thus la*] |
.and~§‘gi,%§) = 60°, The general aspects of the‘intgnsity dlstrlbution
1§ad to the choice of g* vectors ghk leading to one of the six points (hk)

showvn in Fig. 6b. 1In a previous short_commﬁnicatio? [18], we suggested

that a% = h,, (Igzal = |h

a% ~32I = l§f Si|). This suggestion was based on the

hypothesis that the surface layer has to have a structure known to occur
in. the system Ni-5i, a condition which is fulfilled only when Ia | = Ih23|
= lal ;i] Two structures, ~NiZSi and NiSiz, when_slightly d;storted, are
then compatible with the geometry of the diffraction patterns. The high__
femperature (9) modification of NizSi is héxagonal with a = 3.805 R'and

c = 4.890 A [19]; when its (001) plane is parallel to the substrate, then

l 2 /2% °-]

= —=- = .3035 &1 which differs 1% ‘from |a# ¢ 1_3 = .3007 A",
. . : < ag
/3a j 5 . =t :

| H
2 3

Ni512 is cub;c with a = 5.355 R [20]; wh;n present'in parailel 6rienfation
on the Si(lll)'surfacé [a*l 3027 A-1 whlch differs only 7% from ]al Si'
A distinction bntween these two structures is p0331b1e on the basis of the
following observations made on_Sl(lll)bsurfaces producing a Ix1 pattern:

(i} Thé 1x1 paétefn can be cbtained in various ways; e;g.:'faj by
deposition of Ni to a thlckness of several to many atomic 1ayers followed
by a short anneal of the crystal at 700°C or lower (surface A), and. (b) by
annealing of a "clean" crystal for several minutes at 700°C after it had .
ﬂeen heated'sufficiently 1o;g at'1200 to 1300°C to desorb most of the Fe
from-cfystal and leads (surface B).

(2) The surface A is characterized by a strong Ni Auger peak (Fig. 7d),

the Ni Auger peak of the surface B is barely detectable.

12



(3) The IOO(V) curves gf both surfaces generally have maxima at
nearly the same voltages kor %-valﬁes). _Thel%-intervals between the main
maxima agreeiin both cases qualitatively with the periodicity of Si(Ni§iz)‘
normal to the surface, However the&e are signigicagt.differehégs in the
.rélative height-of the maxima. In particular, the peak which éccurs on
surface A at 177 eV is very strong, while the corresponding peak at 181 eV
of surface B is very weak, |

(4) The spot-to-background intensity ratio of surface A is lower than
that of surface B, the Kikughi pattern of surface A is sharper than that of
surface B. |
From (2) we coﬁclude that the surface A has a high Ni content, from (3)
that its periodicity normal to the surface is essentially.the same as that
of Si in spite of the high Ni content, and from (4) that the Ni atoms ére
distributed not at random but in a well ordered manner. An epitaxial sur-
face layer of.N1812 is the simplest exblgnétion compatible with the éonclu—
'-sions.‘ Unless we invoke the aSsump;ion thatqﬁiSizrcanvgrow in tw;_different
orientations oﬁighe Si(lll)psurfacg, e.g. depending upon_cop;ing cpnditions
or impurity effects, we are left with 6-Ni, Si as the cause of'the-fig pattern.

Ié must be kept.in mind, however, thaé‘G-NiZSibané Nisi, ﬁere;selectéd
‘as possible causes of the /19 pattern on the assumption that the surface

layer has to have a structure found in bulk. If we drop this assumptionA

the other points (hk) shown in Fig. 6b have to be considered too. We can
reduce the number of possible g? vectors by extracting more information from
the LEED pattern. This can be done when the strongly simplifying aésumptiop
is made, that the multiple scattering process may be separéted into éubse—

quent scattering acts in surface layer and substrate. Then the observed

13
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intensity of a doubly scattered beam should be ﬁroportionai to the inten-
sity of the substrate beam which produces the doubly scattered beam on its
way out'throcgh the surface iaye:. One characteristic feature of the V19

- batterh is that the intensities of che spots macked:Ai(B') in fig. 6a in-
‘crease and decrease with that of the basic Si spots marked A(B). Accordicg
to the simplified picture of the double scattering process this can happen
oqu if gf = 222, gu1~or 233,'which can be seen by superimposing the corres-
ponding hexagonal networks—--such as the one shown in Fig,~6c——wi£h that of
the unreconstrucced Si surface, using points A and B-as cfigins._ Another
characteristic feature of the /—_ pattern is that the spots marked 0' in
Fig. 6a are very strong over wide voltage ranges, whlle the spots O" o'
never are very strong. For the chosen gffs (gzé; 241 and gss) these 0 spots
(', 0", and O'" respectively)-are»produced by ;heAincident beam and by the
00 beam on its way out through the -surface layer and ‘are therefore expected
to be strong, leading to the choice-of a* = 22) la l = V/ g? .|,= .239 A-1,
Nothlng can be deduced about Ia l because of the lack of regularicy in ‘the

I{V) curves due to the strong dynamical coupling between, the various.beams.

Thus we can say only that the surface layer has either a cublc structure with

/E. = 5;92.A or 3/—“ : = 6.83 Aora hexagonal structure with a #Z—-?
|21 Bl /3lg;

= 4.83 R. None of those structures is known to exist in the system Ni-Si. We
can therefore only speculate about its nature: it could be an expanded surface
layer of Ni,si which does not have the structure found in the bulk, but Fe,Si

structﬁre {a = 5.64 3); or more likely it could contain besides Ni other

FeBSi,
impurities which determine the structure. This second possibility can by no

means be excluded at present, even in the case of the 7 pattern, for the
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following reason: most of the Auger electron spectra were obtained with
primary energies up to 600_eV. In order to excite an Auger transition
efficiegtl? the energy of tﬁe incident electrons must be about three times
the energy of the lower x-ray 1e§el involved in the‘transition. Consequent-
-}y, one can detect efficiently only those atoms which have major Auger tran-
sitions below 200 to 300 eV. For example'the Auger transitions of Ta in
this energy region are much weaker than the 45 and 57 eV peaks of Fe and Ni
respectively. If present in the surface layer in a state similar to that
of Ni, Ta could not be detected at present. A eurface layer of composition
IaZNissi;is therefore ndt'incompatible with the Auge; electron speetruﬁ.
This composition--like similar ones involving Nb, >Mo or W in plece of Ta--
is hexagonal with a » ~ 4.8 2 [21,22] which agrees well with the value a=4.83 A
deduced from the LEED pattern. The observatlon that the Jr—'pattern forms
guch faster near the Ta leads than in the center of the crystal 1s also in
favof of sueh anAlnterpretatlon.

The resuits derived above, i.e. (1).a'Feecontaining surface layer with
f‘eSSi3 structure as cause of the 7—£atﬁefn, and (2) a Ni-containing surface
layer with B—NiZSi or TaZNijsi strﬁeture or with an‘unkﬁeﬁn'efructere'as-eeuse
of the VT§'pattern, lead immediately to a number of queéfioné:

(i) ng do the surface layers have the observed structures éné not
other structures, e;g., why dpes Ni ﬁot-form the-NiSiz_(lxl) structure with
its loﬁ mismatch? |

(2) Where is the Fe and Ni coming from?

(3) Why does the Fe-containing layer form at the low temperature the

Hi—containing layer at the higher temperatures’
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We have at present no ansver to question (1) except the suggestion that
the observed structures ma§ have electron configurations leading to a lower
» surface énergy, In the casé of the N}zsi layer model, the tenﬁency to f9rm
szsi-might be attributéd to the fact that Ni,S1 hés tge highest heat of
formation in the system Ni-Si [23]. The source for the Fe and Ni may be
(a) the interior of the crystal, (b) the crystal mounting, (c¢) the surface
preparation process, (d) the.handling of the crystal, and (e) the vacuum
sysfem'itself. We can exclude (a) as a genéral'source because of the wide’
vafiety of high purity crystals which havé been'investigéted5 The crystal
mounting,'uéuéily made of refracf;ry metals 1ike.Ta o; M;, ma§ contain a
considerable amount of Ni and Fe, e.g., Fansteei.metallurgical grade Ta
sheet‘COntains up to .02% Fe, and is therefore a likely source in many
cases. The écids used in surface preparation contain up to 10_32 Fe which
can lead to 2,4-1015 adsorbed Fe atoms on the surface [24], enough to form
- a FeSSi§ 1aye; one unit cell thick. Variations in.surfage prepa?ftion pro-
cedures make this also an unlikely general source,: Introduction of Ni into
-the crystal by imprcperﬁhandling with metal<twee2ers-ﬁa3'alréady-been-
pointed out [16]. The vacuum system,;usually ma@e of. stainless steel, or
at least containing Fe and Ni parts (e.g:, Kovar), can be a continuous
vsonrce of Fe and Ni via the following process: CO, which is one of the main
residual gas components, interactsIWith Fe(Ni) surfaces to f&rm a Fe(Ni)
carbonyl layer. The adsorbed cérbonyl moleculeé can be desorbed either
thermally or by collisions of atoms, {ons or electrons with ;he gurfaée.
When they hit the surface of the Si crystal or of the crystal mounting they

can dissociate depending upon surface condition and temperature leaving
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Fe(Ni) on the eurface. We believe this process to be the major source in
many of our experiments; Qithogt it the regeeeration of the Fe Si structure
Cwith the accompanying Fe Auéer Peak) after excessive heating to desorb all
Fe would be difficult to understand. . o ’

The oeeurrence of the Fe(Ni)-containing la;er et the lower (higher) .
temperature can be attributed to the relative solid solubilities of Fe and
Ni., The solid solubilities of Fe and Ni in Si at 900°C are 6+101% and
'3’1016 atoms/em3, respectively; at 1300°C 5-1016 and 8°1017 atoms/cm3,
respectively [25,26]. Consequently, when Fe and Ni are supplied simulta- _

Vneously to the crystal, either by diffusion from the crystal mountlng or by
carbonyl decomposition, most of the Fe has to. stay at the surface in the
form of Fe or an Fe-silicide while a considerable amount of Ni can go into
solid solution. .In particular, at the low annealing temperaturee used to
produce the 7-pattern essentially all Fe remains at the surface, thus
forming the 7 _pattern. .(A-Fe Si lafer 1 unit cell thickieontains é:S-lOlS»

Fe atoms/cm .) 1In order to produce the )f-pattern the Fe has to be de-

sorbed or dissolved in the bulk of the crystal or in the crystal mountlng
and replaced by a sufficient amount of Ni. This requires f;rst that the
crystaé is heated high enough, e.g., to 1000°C, where fhe_vaﬁor pressure

of Fe is 5'10.'7 tofr se that desorption beeomes possible,.or that Fe can

diffuse'intq the crystal mounting. Signifieant dissolution in the bulk of
the 8i crystal is only possible at higher temperatures;Afof.example, dis-
solution of the Fe contained in a Fe Si layer one unit cell thick can

occur only at temperatures above 1180°C. However, if the crystal contains

precipitation centers at which Fe can precipitate out, the crystal 1tse1f

can also act as a sink for Fe. The second prerequisite for the production



of the ¥19 pattern is proper pretreatment of the crystal (and/or crystal
mount) such that it contains a sufficient amount of dissolved or precip-
~ itated Ni, which can dissolve at the annealing temperature, e.g. at 1000°C

17 Ni atoms/cm?® {26]. Upon

where the satu%ation concentration is.l.5°10
répid cooling some of the Ni can theﬁ precipitate out at the surface to
form the Y19 structure, These considerations show that the formation of
the observed surface layers dependé upon ﬁany parameters. ‘This is probably

to a large extent responsibie for the differences between the requifed

annealing}conditions as fOupd in various laboratbries,[8;13,16,27].'
SUMMARY

_Iﬁ this paper we have proposed a view qf.the diffraction process which
is diametrically opposite to that which has been the basis of the methods

.used in the past to interpret complex LEED pattern. Then absorption was

_assumed to be so strong that an essentially two-dimensional structure anal- =~ =

ysis could be made. Here abso:ption is considered.fo be so weak tﬁat the
glastichwav; fielﬁ can bengtrate cqngiderably-into ;ﬁe'crystal and'a three~ -
dimensional approach appears more appropriate. We have applied this approach
to the problem of the anﬁeélea Si(lili.pléne,'notlso much to.come up with
funéquiVocal structu?es; rather, we wanted to 11lustrate the procedures which
can be féllowed to arrive at surface models which have to be considered in

a detailed dynamicaletructure analgsis witﬁ numérical methods., More
detailed studies should allow reduction of the number of likely surfacé
models still more. For example, Auge€ electron spectroscopy studies as a
function of péimary energy at fixed angle of incideﬁce and vice versa which

are in progress are expected to give information on the distribution of Fe

18



and Ni normal to the surface. Increased sensitivity should alloﬁAdéZEéférv
tion of atoms with weaker'Auger peaks, e.g, ofATa. A better understandiﬁg
of the Auger transition probaﬁilities asva function of environment should
.allow one to obtain information on. the area Eongentratién'bf'impurities
and their environment. Quantitative studies of the formation kiqetics of
the various LEED patterns on crystals with controlled impurity and impeffecj
tion content aiso promises to be a useful tool. 1In conclusion, much experi-
mental work needs to be done before a mathematiéal structure analysis sﬁould :

be attempted.
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FIGURE CAPTIONS

Fig. 1. Attenuation of slow'eléctrons in idealized solids. K; is the
scattering coefficient of a’hypotheticai random distribution’
of atoﬁs with bulk density and Thomas-~Fermi-Dirac pﬁtenﬁials .
"frimmed" to the nearest neighbor distance in the crystal. «
is the absorption coefficient of a free electron gas. A is the
mean frée'path. K; and ¢ are in atomic units, R in 3.

Fig. 2. FEED>patterns from annealed Si(lll) planes; (a) 7x7 pattern

| (80 ev), (b) Y19 x /Tg'Rf23.5°) pattern (55 QV);

Fig. 3. Derivative ggégl-of the total energy distribution of electrops
.from-; Si(lll) surface bombarded wi£h slow electrons; (a) total
spectrum at low resolution (300 eV ﬁrimary electrons), numbers

on left deﬁote,detectbr sensitivity, numbers on right energy

loss values, (b) section of spectrum at high resolution (600 eV

primary electrons). .
Fig.‘4. Amplitude qf Auger signal at 56 eV_(full.éirclgs) and'of fragtiona%
order spot intensity (open ;ircleé) in /Té'as a function of
quenching temperatu?e for 30 sec annealiﬁg.péyiod;. |
© 'Fig. 5. Explanation of 7 pattern in terms of multiple scatgering betﬁéen-
. a surface layer with Fe Si; unit cell dimensions and the unrecon-
structed Si substrate; (a) basic Si pattern, (b) Fe5513 pattern,

(c) multiple scattering pattérn from superimposed Fe Si, and Si.

22



FIGURE CAPTIONS (CONT'D)

Fig. 6. Analysis of Y19 pattern. The observed pattern (a) consists of

Fig. 7.

two equivalent patterns kb), which are produced by multiple
scatgering between the suﬁstrate and a surface layer of differen;
orientation and/or periodicity, e.g. like that producing pattern
(c).

Partial energy spectrum of Si(lll) surfaces; (a) at 1000°C

(1x1 pattern), (b) after quenching to room temperature (Y19

.ﬁaftern),'(c) after deposition of Ni (LEED only background),

(d) after short ammeal at 700°C (1x1 pattern).
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